Abstract-The lymphatic system is the secondary circulatory system responsible for fluid homeostasis and protein transport in the body. In addition, because the lymphatic system provides a primary pathway for cancer metastasis, lymph node involvement is routinely used as a determinant in cancer staging. Despite their importance, the lymphatics remain poorly understood, in part because of the historic lack of imaging modalities with sufficient spatial and/or temporal resolution to visualize the fine lymphatic structure and subtle contractile function. In recent years, near-infrared fluorescence (NIRF) imaging has emerged as a new imaging modality to non-invasively visualize the lymphatics and assess contractile lymphatic function in humans following administration of microdose amounts of a NIRF contrast agent. In this contribution, we first review NIRF imaging and its clinical application in sentinel lymph node mapping, intraoperative guidance, and assessing the architecture and contractile function of the lymphatics in health and in cancer-related lymphedema. We then present recent NIRF lymphatic imaging for non-invasive assessment of lymphatics both in preclinical melanoma models and in human subjects with melanoma.
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INTRODUCTION
The importance of the hemovascular circulatory system has been long recognized to play a critical role in cancer progression. 11, 15 Halting angiogenesis, or disrupting the process governing the formation and reorganization of the tumor neovasculature that provides nutrients for tumor expansion, is an emerging therapeutic strategy in cancer treatment. 9, 19 However more recently, there has been increasing attention on the role of the lymphatic vasculature and disrupting the process of new lymphatic vessel formation (termed lymphangiogenesis) to arrest metastatic disease. 32, 50 The emerging focus upon targeting lymphangiogenesis as a therapeutic strategy to arrest progressive cancer may not be surprising given the long standing clinical practice of lymph node (LN) dissection for (i) cancer staging based upon presence of cancer cells in resected LNs and (ii) regional control of disease associated with removal of potentially cancer-positive LNs and disruption of the lymphatic pathways involved in metastatic dissemination. Histological studies indicate that lymphangiogenesis may proceed prior to metastasis providing a cancer dissemination route. 45 For example, histological studies of resected human tissues have correlated an increased number or density of intraand/or peri-tumoral lymphatic vessels with metastasis. 7, 42 Dilation or increase in the cross-sectional area of intra-tumoral lymphatics has also been shown to be associated with metastatic melanoma. In addition, lymph sinus remodeling/dilation along with LN lymphangiogenesis in sentinel LNs (SLNs) and increased lymph flow to tumor-draining LNs have been shown to occur prior to LN metastasis in preclinical models. 16, 40 Therefore, non-invasive imaging of changes in lymphatic function and remodeling may allow early identification of metastatic potential and lymphatic involvement. Yet the diagnostic tools to evaluate the in vivo status of tumor-induced lymphangiogenesis and to monitor the consequence of pharmacological interventions on the lymphatics remains lacking, due in part to the lack of imaging techniques than can accommodate the unique structure and function of the lymphatic circulatory system.
Compared to the hemovascular system, the lymphatic system is a poorly understood, unidirectional circulatory system comprised of initial lymphatic capillaries that take up fluid, macromolecules, cellular debris, and foreign contaminants from interstitial spaces. From the capillary plexus, lymph fluid is conducted via lymphatic vessels and trunks, through LNs for immune presentation and ultimately returns lymph fluid to the blood at the subclavian vein. In contrast to the hemovascular system, the lymphatics have no central pumping organ but instead, the lymphatic vessels are comprised of subunits called lymphangions that are bounded by valves and lined by smooth muscle cells. Lymph is actively ''pumped'' or propelled through the lymphangions via orchestrated peristaltic contractions and sequential closing/opening of valves. Additionally, hydrodynamic pressure gradients generated in surrounding tissues by extrinsic factors, such as skeletal muscle contractions, produce passive lymph flow without active lymphatic pumping. Given its diversity of function, the lymphatics have been implicated in a spectrum of diseases including cancer metastasis 41, 50 and lymphedema, a disease which afflicts many cancer survivors in the U.S. (for review see Cormier et al. 6 ). Because lymph is typically translucent with relatively low concentrations of cells and particulate matter, there is little endogenous contrast available for conventional imaging of lymphatic vessels using X-ray, magnetic resonance imaging (MRI), and ultrasound techniques. Diagnostic lymphoscintigraphy is the only accepted method to image lymphatic function using 99mc-Technetium radiocolloid as a radiotracer administered subcutaneously in 1-5 cc volumes or intradermally in~0.1 cc volumes. Intradermal administration results in efficient uptake of the radiocolloid by initial lymphatic capillaries and transport through lymphatic vessels to draining LNs. Upon decay, radiocolloid emits high energy gamma photons that efficiently propagate through tissues and are collected by a gamma camera for planar gamma scintigraphy. Planar gamma scintigraphy is performed over several minutes to identify tumor draining SLNs, visualize major lymphatic vessels, and diagnose lymphatic obstruction resulting in lymphedema. 59 Dynamic lymphoscintigraphy captures the advancing radiocolloid front transiting the lymphatics using a series of gamma images, acquired with exposure times as short as 20 s, to discriminate SLNs from those LNs that are secondary or drain the SLN. 25 However, lymphoscintigraphy suffers from several significant drawbacks for assessing tumor lymphangiogenesis including: (i) limited photon count rate and sensitivity, (ii) finite radiocolloid size and comparatively long integration times that prevent direct imaging of contractile lymphatic function or active lymphatic pumping, and (iii) poor spatial resolution preventing visualization of small lymphatic neovasculatures that could characterize tumor lymphangiogenesis.
Opportunities for direct lymphangiography, similar to X-ray and magnetic resonance angiography, are limited due to the difficulties of cannulating lymphatic vessels and the transport of large volumes of viscous contrast agents. 4 Recent advancements in MRI contrast agents and faster imaging systems have enabled Liu et al. 26 to image anatomic and functional characteristics of diseased lymphatics using indirect lymphangiography in which contrast agent is injected intradermally, typically in the webs of digits. In their studies, interdigit injections of approximately 3 mL of gadobenate dimeglumine (GD) enabled MRI imaging of lymphatic vasculature and measurement of the transit speed of contrast moving from site of injection towards the draining LN basins in the legs of subjects with lymphedema. Yet the MRI approach failed to image lymphatic structure or movement of GD in healthy lymphatics owing, most likely, to significantly faster transit rates in the healthy as opposed to diseased lymphatics and the consequential lack of accumulated contrast agent required for MRI.
Over the past several years near-infrared fluorescence (NIRF) imaging has emerged as a non-invasive modality for in vivo lymphatic imaging in both animals 22, 23, 35, 48, 55 and humans. 34, 43, 44, 47, 57, 58 NIRF imaging has been used intraoperatively to map the SLN and guide its surgical resection in cancer patients, 12, 21, 36, 52 assess lymphatic structure and contractile function in health and disease, 34, 43, 44, 47, 57, 58 and evaluate response to lymphedema therapy. 3, 30, 54 Herein we review the physics and instrumentation of NIRF imaging, briefly review its clinical application in the literature, and present our latest, NIRF images of longitudinal changes of the lymphatics in a preclinical model of progressing melanoma and snap shots in time of the lymphatics in melanoma patients.
PRINCIPLES AND INSTRUMENTATION OF NIRF IMAGING
NIRF imaging depends upon collecting the emitted photons following the activation of near-infrared (NIR) excitable fluorophores by absorption of tissue penetrating excitation light and subsequent radiative relaxation. The mean length of time between activation and radiative relaxation is called the lifetime and is typically on the order of nanoseconds. The number of fluorescent photons emitted over the excitation photons absorbed is defined as the quantum efficiency. Unlike a radioisotope that emits at most one photon event for nuclear imaging, a single fluorescent dye molecule can be excited multiple times and can theoretically emit hundreds of thousands of photons per second. 18 NIR light between the wavelengths of 780-900 nm is minimally absorbed by endogenous chromophores but is maximally scattered allowing it to propagate several centimeters into tissue. In addition, incident NIR excitation light produces little or no endogenous fluorescent signal, or autofluorescence, resulting in low background. 2 Yet unlike the high energy photons released from radioisotopes, NIR photons are of low energy and therefore highly scattered in tissues. As a result, despite the theoretically high photon count rates, tissue attenuation can limit the resolution of deep (>3-4 cm) fluorescently labeled tissues when planar NIRF approaches are used. As contained in several recent reviews, most human studies of NIRF imaging have focused upon intraoperative imaging, wherein tissue surfaces are imaged, or non-invasive imaging of superficial lymphatics, where the effects of scattering from superficial tissues are minimal. 29, 38, 46 NIRF tomography involves accounting for tissue scattering and absorption properties, and is under development for small animal imaging (see Stuker et al. 51 for review) and limited human studies.
5,33
Contrast Agents
To date, all NIRF imaging studies in humans have employed indocyanine green (ICG) as the NIRF contrast agent. 29, 38, 46 ICG is a dark green, tricarbocyanine dye approved for intravenous use in humans for hepatic, cardiovascular, and ophthalmology applications. Although approved on the basis of its dark green color, in aqueous solution ICG has an absorption peak at 780 nm and is weakly fluorescent at a peak wavelength of at 800 nm. The quantum efficiency of ICG at excitation/emission wavelengths of 780/830 nm is 0.016, 13 reflective of its poor fluorescent properties. Nonetheless, due to the low autofluorescence of tissues the fluorescent signal emanating from ICG can be collected from deep in tissues. ICG lacks a functional group to which a targeting moiety, such as a peptide or antibody, can be attached for molecularly targeted imaging studies. Brighter NIRF contrast agents with functional groups to which molecular targeting moieties can be conjugated are in various stages of development and use in pre-clinical studies, however only IRDye 800CW has undergone safety and toxicity studies in preparation for human studies. 28 For lymphatic imaging, fluorescently labeled albumin protein and albumin binding domain peptides have been developed as NIRF contrast agents, but none are yet approved for use in humans.
8,27
Instrumentation Using microdose administration of ICG and NIR sensitive, intensified, charge coupled device (ICCD) cameras, our laboratories pioneered quantitative NIRF imaging of contractile lymphatic function in both animal and human subjects. 22, 44, 47, 48 Figure 1a illustrates the custom-built fluorescent imaging systems used in our clinical imaging studies following the administration of ICG. The excitation source consists of a 500 mW 785 nm laser diode, collimating optics, and an engineered optical diffuser to illuminate a maximal tissue surface area of approximately 900 cm 2 with <1.9 mW/cm 2 . 785 nm notch and 830 nm bandpass filters reject the backscattered excitation light and pass the emitted fluorescent signal from the surface tissues, respectively, through 28 mm Nikkor lens onto the photocathode of a Gen III image intensifier. The intensifier consists of three main components including the photocathode which converts the incident photons to electrons, the microchannel plate which uses a high voltage gain to multiply the electrons, and a phosphor screen which converts the multiplied electrons to photons. The intensified image on the phosphor screen is then acquired using a customized, 16-bit, frame transfer, charge coupled device (CCD) camera and saved to a computer. The CCD exposure time is typically 200 ms permitting near real-time imaging of the lymphatics in vivo and enabling the compilation of images into movies of lymph flow. The working distance of the system ranges from~8 to~30 inches as determined by the desired field of view. The imaging system is controlled using custom software developed in LabVIEW. For NIRF tomography, a signal generator and amplifiers can be used to modulate the laser diode intensity and intensifier photocathode voltage to obtain photon 'time-of-flight' information using the frequency-domain photon migration homodyne method. 20, 56 As shown in Fig. 1b , the laser diode and camera are mounted on an articulating arm to facilitate camera manipulation for image acquisition in the clinic as well as operating suite.
As reviewed in Marshall et al. 29 clinical devices used thus far employ both intensified and non-intensified CCD systems. While the signal to noise ratio of ICCD systems is greater than that of non-intensified systems, 63 the image resolution is reduced owing to the configuration of the microchannel plate. Hence for smaller fields of view, as in the case of small animal imaging wherein resolution is important and higher doses of imaging agent may be tolerated, non-intensified CCD's may be more appropriate to employ than a more sensitive ICCD system. Therefore, for small animal imaging, planar fluorescent images are captured by an electron-multiplying CCD camera (EMCCD) and the associated optics used in clinic with less than 200 ms integration time for dynamic imaging. In addition, a macrolens is also used to zoom in on a specific area of fluorescent lymphatic vessels.
Regardless of camera system, NIRF imaging can provide more rapid imaging of lymphatic function owing to the increased sensitivity associated with high photon count. However, the sensitivity of the NIRF imaging instrument is limited by the efficiency of rejecting excitation light while passing the fluorescent signal to the intensified photocathode or CCD. In a recent study the excitation light rejection efficiencies of different filter sets and filter positions were investigated, illustrating the importance of properly designed and positioned optics to reduce the imaging noise floor and thereby improve the system sensitivity and reduce the concentration of contrast agent required for visualization. 62 The current imaging configuration permits the use of microdose amounts of ICG which, as defined by the FDA, 14 is less than 1/100th of the pharmacological dose, less than 100 lg, or in the case of a protein based agent, less than 30 nmol. It is noteworthy that the ability to image humans following microdosage of a dim fluorescent dye such as ICG, suggests that brighter and molecularly targeted NIRF conjugates could in the future provide sensitive and disease specific information.
Image Analysis
Owing to the high photon count rate and low image acquisition times, NIRF imaging can be used not only to assess lymphatic structure but also to determine the apparent velocity of lymph propulsion and the period between consecutive lymphatic contractile events due to alternate contraction and relaxation of smooth muscle. As described in more detail in Rasmussen et al. 43 and illustrated in Fig. 2 
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Human Lymphatic Imaging
NIRF imaging has been used clinically to map the SLN and guide its surgical resection, to assess lymphatic structure and quantify its contractile function in health and disease, and to assess lymphatic response to therapy. A brief overview of each of these applications is provided below, for more extensive literature reviews (see Refs. 29, 38, 44, 46 ). Perhaps the most widely reported clinical use of NIRF imaging has been SLN mapping and intraoperative imaging. In 2005, Kitai et al. 21 reported a 94% intraoperative detection rate of the SLN in a mapping study of 18 breast cancer patients following subcutaneous administration of 25 mg of ICG. This was followed by similar studies in gastric cancer 31 and skin cancer 12 also using milligram amounts of ICG. In 2008 Sevick-Muraca et al. 47 reported the use of NIRF imaging for SLN mapping using microgram amounts of ICG. In this dose escalation study, they reported propulsive lymph flow from injection sites on the breast to the SLN after administration of 10-100 lg of ICG. Ogata et al. 36 reported the use of NIRF imaging to intraoperatively guide lymphaticovenular anastamoses as surgical treatment for lymphedema.
In 2007, Unno et al. 57 reported the use of NIRF imaging to look at the lymphatics in the legs of 12 lymphedema and 10 control subjects following administration of 1 mg of ICG. In 2009 Rasmussen et al. 44 reported the use of NIRF imaging of the lymphatics in the arms or legs of 24 control and 20 unilateral lymphedema subjects following intradermal administration of £400 lg ICG. Distinct architectural differences between healthy lymphatics and diseased lymphatics (Fig. 3) were observed in both studies though only Rasmussen et al. reported propulsive lymphatic function as shown in online Video 1. While the lymphatics in control subjects tend to be straight and well defined (Figs. 3a and 3b) , the lymphatics of subjects with lymphedema typically present with one or more of the following lymphatic abnormalities: dense networks of fluorescent lymphatic capillaries, tortuous vessels, and diffuse extravascular fluorescence (Figs. 2c and 2d ). In 2010, Rasmussen et al. 43 reported the quantitative results of the imaging study and noted that while similar average propulsion velocities were observed in healthy limbs and in limbs with lymphedema, a significant reduction in the overall propulsion rate in the diseased limbs was observed, indicative of reduced lymphatic function in the diseased limbs.
In 2010 a technology assessment report commissioned by the United States Department of Health and Human Services decried the lack of evidence for an optimal test or treatment for lymphedema or an optimal means to assess the effectiveness of lymphatic treatments. 37 Recent publications indicate that NIRF imaging may provide a means to assess the effectiveness of lymphatic treatments by directly measuring lymphatic ''pumping'' or contractile function. Tan et al. 54 reported an improvement in contractile lymphatic function following MLD in both control limbs and limbs with lymphedema. Adams et al. 3 reported the use of NIRF imaging to assess the effectiveness of a pneumatic compression device designed to stimulate lymphatic flow from the affected arm towards the axilla in subjects with breast cancer-related lymphedema. In yet another study, Maus et al. 30 reported on the use of NIRF imaging to direct MLD in a subject with head and neck lymphedema following multiple surgeries to remove oral cancer.
Small Animal Lymphatic Imaging
NIRF imaging of the lymphatics in small animals has been also widely employed to map lymphatic drainage and SLN following injection of ICG, quantum dots, or NIR fluorophore conjugated molecules, such as antibody and proteins (for review see Zhang et al. 60 ). While contractile lymphatic function was first observed in guinea pigs and rats in 1927 10 and mice in 1949 49 following surgical dissection, it was only recently that we non-invasively demonstrated, murine lymph propulsion in the limb, the tail, and the whole body of healthy immunodeficient nude and immunocompetent C57BL6 mice following intradermal injection of 2-10 lL of ICG. 22, 24 Subsequently, we showed abnormal lymphatic drainage and function in tumorbearing mice 23 and mice with lymphatic disorders. 24 Furthermore, altered contractile lymphatic function was observed in mice and rats fed a high salt diet (unpublished data). In addition to these studies, Zhou et al. 61 also reported changes of lymphatic drainage patterns and contractile function in mouse models of arthritis.
Below, we describe recent studies in which lymphatics were imaged both in a preclinical model of melanoma and in human melanoma patients using NIRF planar imaging.
NIRF IMAGING OF LYPMHATICS IN MELANOMA
Animal Studies
Experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee and approved by University of Texas Health Science Center at Houston Institutional Animal Care and Usage Committee in accordance with National Institutes of Health guidelines. All animals used in this study were maintained in a pathogen-free mouse facility accredited by the American Association for Laboratory Animal Care.
Following cultivation, B16F10 cells, a murine melanoma cell line, were transfected with p-DsRedExpress-N1 (Clontech, CA) to generate DsRed expressing B16F10 cells (DsRed-B16F10). B16F10 or DsRed-B16F10 cells (10 6 cells per mouse) were then implanted intradermally in the dorsal aspect of the foot in 4-6 week old C56BL6 mice (Charles River, Wilmington, MA). Tumor-bearing mice were imaged up to 28 days post implantation (p.i.). Prior to imaging, 2 lL of a solution of 645 lM ICG in saline was injected intradermally at the web of the skin between the second and third digits of each hind foot using a 10 lL Hamilton syringe. Fluorescence images were acquired immediately before and for up to 30 min after injection. Figure 4 represents NIRF images, from one representative mouse bearing B16F10 melanoma cells in the dorsal aspect of left hind foot (white arrow), showing progressive changes of lymphatic drainage during tumor growth. In addition, leaky, tortuous, and mispatterned lymphatic vessels were visualized. However, the patterns of lymphatic drainage in the contralateral right foot did not change. CT images at day 28 indicated that the tumor-draining LNs were progressively swollen, presumably due to metastatic disease, though future studies are needed to determine if the lymphatic reorganization/remodeling was due to tumor signaling, embolism, or another phenomenon.
Primary melanoma tumors often develop in-transit metastasis in the direction of lymph flow. As shown in Fig. 5 , we found that a DsRed-B16F10 melanoma tumor in the dorsal aspect of foot formed in-transit metastases in lymphatic vessels. In addition, tortuous lymphatic vessels and dye leakage proximal to the primary tumor were observed around the in-transit metastases. The ability to see in-transit metastases indicates that NIRF imaging, with a properly designed, tumor-targeted contrast agent may be useful to stage cancer and guide the surgical resection of only those nodes which are cancer positive. Moreover, noninvasive NIRF functional lymphatic imaging may provide diagnostics and information in lymphatic response to therapy as mechanism of therapeutic action, including surgery and emerging anti-lymphangiogenic treatments. Unfortunately we were unable to image the subjects prior to the initial tumor biopsy as the subjects present at MDACC only after the official diagnosis of melanoma is made by an outside primary care physician. To date, four of eighteen proposed subjects have been recruited. After informed consent and just prior to undergoing wide-local excision and SLN biopsy, each subject received two intradermal injections of 25 lg ICG diluted in 0.1 mL of saline (322 lM ICG) near but distal to the primary tumor biopsy site. Similar injections were administered at the corresponding locations on the contralateral limb to provide images of control lymphatics. NIRF images of the draining lymphatics on the diseased and control limbs were acquired for approximately 10 min. As part of a secondary longitudinal study of postsurgical lymphatic recovery, additional intradermal injections, total dose £400 lg ICG, were then administered in bilateral limbs and NIRF images of each limb were acquired for approximately 30 more min to establish a baseline of overall lymphatic structure and function. Each injection site was covered with a small band-aid and, if necessary to prevent oversaturation of the camera, black vinyl tape. The subject's vital signs were monitored for 2 h followed by a 24 h phone call to screen for signs of allergic reaction to the ICG. No adverse events have been reported in this study, although subjects in other studies have developed erythema around the injection sites immediately after injection and were given a single dose of Benadryl to resolve any allergic reaction.
In two of the four subjects imaged to date, we observed no apparent reorganization of the draining lymphatics on the diseased limb as shown in Fig. 6 . Interestingly in both cases, a fluorescent lymphatic vessel passed directly under the primary tumor biopsy site. In the other subjects, distinct architectural differences were observed in the draining lymphatics on the diseased limb as compared to the control limbs as shown in Fig. 7 . As shown in Fig. 7b , the draining lymphatics on the diseased limb were more tortuous and numerous while the lymphatics on the contralateral limb appeared to be more linear with a single lymphatic vessel draining each injection site. In these two cases and including only those lymphatic vessels at least 3.5 cm long, the average tortuosity ratios were 1.27 ± 0.13 (n = 9) and 1.08 ± 0.04 (n = 6) for the diseased and contralateral limb lymphatics respectively. Using a standard t-test, the difference in the average tortuosity ratios was determined to be significant with a p-value of 0.006. Intraoperative images of the SLN were also acquired and as shown in Fig. 7d , the sentinel node was fluorescent and easily identified with NIRF imaging. In each case, the SLNs were tumor free and future studies need to be performed to see if lymphatic reorganization and/or contractile function relate to nodal status. Contractile lymphatic function was also observed in the diseased limbs of all four subjects. Although increased lymphatic flow has been implicated in animal models of metastatic melanoma, 16, 39 additional studies are needed to determine the effect primary and metastatic tumors have on contractile function in humans as has been demonstrated in preclinical models. 23 To our knowledge, these images represent the first non-invasive images of lymphatics in melanoma patients using microdose amounts of ICG, however, they only provide a snapshot in time of the lymphatics, and additional studies are required to elucidate how lymphatics change due to tumor growth over time and particularly in preparation for and during metastasis. 
DISCUSSION AND SUMMARY
In this contribution we reviewed NIRF imaging and its use in preclinical and clinical applications including SNL mapping, intraoperative guidance, assessment of lymphatic architecture and function in health and disease, and efficacy assessment of lymphatic therapies. We also presented initial images from an ongoing clinical feasibility study which illustrate the ability to non-invasively and macroscopically image architectural changes in the draining lymphatics of a limb with melanoma, previously only seen through histopathologic studies. Although two of the four subjects recruited to date had networks of more tortuous lymphatics and all four had active lymphatic pumping, not one had metastatic disease in the sentinel nodes, and no correlation of lymphatic architecture or function with metastatic disease could be made at this early stage of the study. As such continued studies are needed to determine whether NIRF imaging can provide a clinically relevant, non-invasive means to assess tumor involvement in the lymphatics and a means to monitor lymphatic recovery following lymphatic trauma as a result of cancer treatment and to determine effectiveness of treatment.
Studies are also needed to determine whether the observed differences in the draining lymphatics on the diseased limb and the corresponding contralateral lymphatics are a result of cellular signaling by tumorexcreted lymphangiogenic factors such as VEGF-C, 17 mechanical obstruction due to the presence of the tumor, normal wound healing following the trauma associated with tumor biopsy, or some combination thereof. Unfortunately we were unable to image the subjects prior to biopsy as the subjects present at MDACC only after the official diagnosis of melanoma was made by an outside primary care physician, and, as such, we are unable to completely rule out the effect the biopsy may have had on the lymphatics. While the exact causes of lymphatic reorganization are unknown, the lymphatic changes observed in the mouse model (Fig. 4) suggest that tumor growth itself could play a role in the lymphatic remodeling observed in the diseased limbs. It is also interesting to note that the primary tumor in both subjects with more tortuous lymphatics was located on the foot where networks of smaller, more superficial lymphatic vessels may more readily facilitate lymphatic reorganization than the larger, deeper lymphatic trunks found in the legs and upper arms.
While NIRF lymphatic imaging has shown versatility and potential as a clinical imaging modality, additional improvements in the technique are needed to facilitate full clinical translation and acceptance. The visualization of fine lymphatic structure and contractile propulsion of the lymphatics is governed by the sensitivity of the NIRF imaging system. Excitation light leakage is typically the largest single source of noise in fluorescence imaging due to the large quantities of backscattered excitation light. Special attention must be made during the selection and positioning of the optics and optical filters to ensure optimal rejection levels and increased sensitivity. The more sensitive the imaging system, the lower the quantity of contrast agent required for visualization of the lymphatics. The sensitivity of the instrument and quantity of contrast agent appear to play a critical role in the observation of propulsive lymph flow, as we are the only group to date that has reported visualizing contractile lymphatic pumping using NIRF imaging. We believe this is due to the sensitivity of our device 29 which enables us to use microdose amounts of fluorophore reducing the potential to over saturate the lymphatic vessels with fluorophore possibly masking the slight variations in dye concentration observed during lymphatic contraction and minimizing any negative effects the exogenous fluorophore may have on lymphatic contractile function. Standardized figures of merit are needed to compare NIRF instrumentation both for preclinical and clinical use.
Perhaps the most significant limitation of NIRF imaging in large tissue volumes is the attenuation of light due to photon scatter. While many lymphatics are superficial and easily observed using non-invasive NIRF imaging, as lymphatic vessels promulgate deeper into the tissue the increased scatter results in a broadening of its observed structure until, depending on the depth, its fluorescently stained vasculature becomes indistinguishable from background signal. As such, deep lymphatics such as those in the gastrointestinal compartment and possibly in morbidly obese subjects may not be resolved non-invasively. Brighter dyes with higher quantum yields and more sensitive detection instrumentation will improve imaging depth, however, significant advances in the non-invasive resolution of deep lymphatics will likely depend on further development of brighter NIRF dyes and the frequency-domain photon migration instrumentation and algorithms which may lead to more robust and clinically relevant NIRF tomography.
In conclusion, NIRF imaging is a new imaging modality that can provide unprecedented images of the lymphatics in vivo, potentially opening the way for rapid, clinical assessment of lymphatic architecture and contractile function currently unavailable using the traditional medical imaging modalities. Because of the safety history of ICG, the low risk associated with microdose amounts of ICG and other contrast agents, and the small size and relatively low cost of the instrumentation, NIRF imaging may someday be readily available in the doctor's office facilitating the ''point-of-care'' diagnosis of lymphatic disease and the assessment of lymphatic response to therapy. As NIRF imaging and additional contrast agents, which can be targeted for specific biological markers, become available, additional insights into the role of the lymphatics in cancer and other common diseases may be elucidated potentially opening new avenues for treatments not currently available.
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